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Data explosion in the life sciences

• Sequence information
• The first data type to be available in large amounts

• Has had the maximum time to be standardized

• FASTA format is the most popular

• Expression information
• Recent rise in abundance

• Transcription factor binding information
• High throughput available in yeast

P t i P t i i t ti i f ti• Protein‐Protein interaction information
• Relatively recent rise in availability.

• ChIP, array based.

• Past knowledge, traditional experiments, published 
papers.
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So many biological databases, so little 
time

• More than 1000 different databases!

S bi l i l d b• Some biological databases:

AATDB, AceDb, ACUTS, ADB, AFDB, AGIS, AMSdb, ARR, AsDb, BBDB, BCGD, Beanref, Biolmage, BioMagResBank, 
BIOMDB,     BLOCKS, BovGBASE, BOVMAP, BSORF, BTKbase, CANSITE, CarbBank, CARBHYD, CATH, CAZY, CCDC, 
CD4OLbase, CGAP, ChickGBASE, Colibri, COPE, CottonDB, CSNDB, CUTG, CyanoBase, dbCFC, dbEST, dbSTS, DDBJ, 
DGP, DictyDb, Picty_cDB, DIP, DOGS, DOMO, DPD, DPlnteract, ECDC, ECGC, EC02DBASE, EcoCyc, EcoGene, EMBL, 

EMD db, ENZYME, EPD, EpoDB, ESTHER, FlyBase, FlyView, GCRDB, GDB, GENATLAS, Genbank, GeneCards, Genline,   
GenLink,   GENOTK,  GenProtEC, GIFTS, GPCRDB, GRAP, GRBase, gRNAsdb, GRR, GSDB, HAEMB, HAMSTERS, 

HEART-2DPAGE  HEXAdb  HGMD HIDB  HIDC  HlVdb  HotMolecBase  HOVERGEN  HPDB HSC-2DPAGE  ICN  

3

HEART 2DPAGE, HEXAdb, HGMD, HIDB, HIDC, HlVdb, HotMolecBase, HOVERGEN, HPDB, HSC 2DPAGE, ICN, 
ICTVDB, IL2RGbase, IMGT, Kabat, KDNA, KEGG, Klotho, LGIC, MAD, MaizeDb, MDB, Medline, Mendel, MEROPS, 

MGDB, MGI, MHCPEP5 Micado, MitoDat, MITOMAP, MJDB, MmtDB, Mol-R-Us, MPDB, MRR, MutBase, MycDB, NDB, 
NRSub, 0-lycBase, OMIA, OMIM, OPD, ORDB, OWL, PAHdb, PatBase, PDB, PDD, Pfam, PhosphoBase, PigBASE, PIR, 

PKR, PMD, PPDB, PRESAGE, PRINTS, ProDom, Prolysis, PROSITE, PROTOMAP, RatMAP, RDP, REBASE, RGP, 
SBASE, SCOP, SeqAnaiRef, SGD, SGP, SheepMap, Soybase, SPAD, SRNA db, SRPDB, STACK, StyGene,Sub2D,

SubtiList, SWISS-2DPAGE, SWISS-3DIMAGE, SWISS- MODEL Repository, SWISS-PROT, TelDB, TGN, tmRDB, TOPS, 
TRANSFAC, TRR, UniGene, URNADB, V BASE, VDRR, VectorDB, WDCM, WIT, WormPep, YEPD, YPD, YPM, 

etc .................. !!!!

More data is good, what’s the 
problem?

• Too unstructured:
• from a variety of incompatible sourcesfrom a variety of incompatible sources
• no standard naming convention
• each with a custom browsing and querying 
mechanism

• and poor interaction with other data sources

• Difficult to use and understand the 
available data, information and knowledge
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Ontologies to the rescue

• Ontologies provide formal specification of how to 
represent objects, concepts and relationships among 
hthem

• Ontologies provide a shared understanding [language]
for communicating biological information

• Ontologies overcome the semantic heterogeneity
commonly encountered in biomedical databasescommonly encountered in biomedical databases

• Ontologies are interpretable by humans and by computer 
programs.

5
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Uses of ontologies

1. Naming “things”
• Reference ontologies• Reference ontologies
• Controlled terms for annotating “things”

2. As a data exchange format 
3. Define a knowledgebase schema
4. Computer reasoning over data
5. Driving NLP
6. Information integration
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The Gene Ontology 
www.geneontology.org

• The Gene Ontology (GO) project is an effort to provide 
consistent descriptions of gene products. 

• The project began as a collaboration between three 
model organism databases:
• FlyBase (Drosophila)
• Saccharomyces Genome Database (SGD) 
• Mouse Genome Database (MGD) 

• GO creates terms for:
• Biological Process
• Molecular Function
• Cellular Component

10
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(Biological Process)

11
Nat Genet. 2000 May;25(1):25-9.

Use of GO for analysis:
Shared GO terms

12
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MESH = Medical Entity Subject Headings

• Controlled vocabulary for indexing biomedical 
articles

• 19,000 “main headings” organized 
hierarchically

• Implicit semantics of parent‐child relationships

M l i l i h i• Multiple inheritance

• List of subheadings attached to main headings 
as modifiers

Copyright Stanford University 2006 13

MeSH Subtrees

1. Anatomy [A] 

Body Regions [A01]
Abdomen [A01.047]

Groin [A01.047.365]
Body Regions [A01]  + 

Musculoskeletal System [A02]       
Digestive System [A03]  + 

Respiratory System [A04]  + 

Urogenital System [A05]  + 

Endocrine System [A06]  + 

Cardiovascular System [A07]  + 

Nervous System [A08]  + 

Sense Organs [A09]  + 

Inguinal Canal [A01.047.412]

Peritoneum [A01.047.596]  +

Umbilicus [A01.047.849]

Axilla [A01.133]

Back [A01.176]  +

Breast [A01.236]  +

Buttocks [A01.258]

Extremities [A01.378]  +

Head [A01.456]  +

k [ ]Tissues [A10]  + 

Cells [A11]  + 

Fluids and Secretions [A12]  + 

Animal Structures [A13]  + 

Stomatognathic System [A14]

(…..) 

Neck [A01.598]

(….)

14
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MeSH Headings in an article

MH ‐ Adult MH ‐ Antipsychotic 
Agents/pharmacology/*therapeutic use

MH ‐ Comparative Study
MH ‐ Dose‐Response Relationship, Drug

Supplementary heading
MH  Dose Response Relationship, Drug 
MH ‐ Female
MH ‐ Genotype 
MH ‐ Human
MH ‐Male
MH ‐ Pharmacogenetics 
MH ‐ Polymorphism (Genetics)/*genetics
MH ‐ Prognosis 
MH ‐ Psychiatric Status Rating Scales

Major heading QualifierMinor heading

Main headings

15

MH ‐ Psychiatric Status Rating Scales 
MH ‐ Receptors, Serotonin/drug effects/*genetics 
MH ‐ Risperidone/pharmacology/*therapeutic use
MH ‐ Schizophrenia/diagnosis/*drug therapy/genetics
MH ‐ Schizophrenic Psychology 
MH ‐ Support, Non‐U.S. Gov't
MH ‐ Treatment Outcome 

Use of MeSH for Information Retrieval

“Computational Biology [MH] AND Medical Informatics [MH]”

Copyright Stanford University 2006 16
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Foundational Model of Anatomy
sig.biostr.washington.edu/projects/fm/

• Long‐term project at University of 
Washington to create a comprehensiveWashington to create a comprehensive 
ontology of human anatomy

• 72K concepts, 1.9M relationships

• Rich semantics 

17

Anatomical Space

Organ
Cavity

Serous Sac
C i

Anatomical
Structure

Organ

Serous Sac Tissue

Organ Part

Organ 
S bdi i i

Organ 
C t

Organ Cavity
Subdivision

Serous Sac
C it

Pleural 
Cavity

Pleura(Wall 
of Sac)

Pleural Sac

Parietal

Cavity Serous Sac TissueSubdivisionComponentCavity
Subdivision

18

Interlobar 
recess

Mesothelium 
of Pleura

Visceral
Pleura

Parietal 
Pleura

Mediastinal
Pleura

Structure of FMA
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Use of FMA:
Image annotation

LVLV
RARA

LALA

LVLV

RVRV

RARA

LALA

RAARAA

• Images possess no knowledge of their contents
• FMA-based image annotation provides that 
knowledge 19

RVRV
RAARAA

Uses of ontologies

1. Naming “things”

2 A d h f2. As a data exchange format

3. Define a knowledgebase schema

4. Computer reasoning over data

5. Driving NLP

6. Information integration

20
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MGED Ontology www.mged.org

• Provides standard terms for annotation 
f i iof microarray experiments

• Enables unambiguous descriptions of how 
the experiment was performed

• Enables structured queries of elements of 
the experimentst e e pe e ts

21

MGED Ontology Browser

22
http://nciterms.nci.nih.gov/priv_mged_o/Connect.do



12

USE OF MGED ONTOLOGY:
ArrayExpress Query form

23

Uses of ontologies

1. Naming “things”

2 A d h f2. As a data exchange format

3. Define a knowledgebase schema

4. Computer reasoning over data

5. Driving NLP

6. Information integration

24
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EcoCyc
www.ecocyc.org

• The EcoCyc database is a comprehensive source 
of information on Escherichia coli K12.

• The mission for EcoCyc is to contain both 
computable descriptions of, and detailed 
comments describing, all genes, proteins, 
pathways and molecular interactions in E.coli. 

• Through ongoing manual curation, extensive 
information has been extracted from 8862 publications 
and added to Version 8.5 of the EcoCyc database

25

The EcoCyc ontology

Copyright Stanford University 2006 26
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Using the EcoCyc Knowledgebase

Copyright Stanford University 2006 27

Uses of ontologies

1. Naming “things”

2 A d h f2. As a data exchange format

3. Define a knowledgebase schema

4. Computer reasoning over data

5. Driving NLP

6. Information integration

28
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HyBrowHyBrow ‐‐ interfacesinterfaces

Hypothesis described in 
Natural Language

Biological process described in a 
formal language

Evaluating an hypothesisEvaluating an hypothesis
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Evaluating an hypothesisEvaluating an hypothesis

Inference rules

Justification 
routines

Neighboring 
events generator

Hypothesis parser 
and ranking rules

Result formatter

Visual Widget

Hypothesis file

Browser

User

Event Handler
Hypothesis file

Database

Screen shot of the outputScreen shot of the output

 

n1 
b1 

  

n1 
b1 

 

  
•Holding the mouse on a neighbouring 
hypothesis (b1) shows what event was 
replaced to create it

Explanation
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Uses of ontologies

1. Naming “things”

2 A d h f2. As a data exchange format

3. Define a knowledgebase schema

4. Computer reasoning over data

5. Driving NLP

6. Information integration

33

Geneways: geneways.cu‐genome.org

• Common tasks for NLP
• automated selection of articles pertinent to 
molecular biology,

• automated extraction of information using• automated extraction of information using 
natural‐language processing, 

• generation of specialized knowledge bases for 
molecular biology. 

• GeneWays is an integrated system that 
combines several such subtasks. 
• It analyzes interactions between molecular 
substances, drawing on multiple sources of 
information to infer a consensus view of 
molecular networks.

34
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Geneways ontology

Copyright Stanford University 2006 35

Use of Geneways ontology

Copyright Stanford University 2006 36
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Uses of ontologies

1. Naming “things”

2 A d h f2. As a data exchange format

3. Define a knowledgebase schema

4. Computer reasoning over data

5. Driving NLP

6. Information integration

37

TAMBIS

• Transparent Access to Multiple 
Bioinformatics Information SourcesBioinformatics Information Sources

• Motivation:  Difficult to query distributed 
bioinformatics resources

• Concept: 
• Use an ontology to manage presentation and 

f diusage of diverse resources
• Provide homogenizing layer over numerous 
heterogeneous databases & tools

• Provide common, consistent query interface
38
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TAMBIS browser

Is archived in: database
is cited in: published material
has membrane attachment: membrane attachment selector
has tertiary structure: protein tertiary structure
has cellular location: organelle, membrane, cytoskeletal structureg , , y
has name: gene name, protein name
has secondary structure: protein secondary structure
has identifier: identifier
has accession number: accession number
functions in process: biomolecular process, cellular process, specific chemical process
is bound by: protein, binding site
binds: protein
is homologous to: protein, nucleic acid
is coded for by: exon, mRNA, DNA
is translated from: DNA, mRNA
catalyzes: reaction
has organism classification: species
h difi i l i l difi ihas modification: post translational modification
forms part of: protein complex
has prosthetic group: prosthetic group
is expressed in organ: organ
has component: chemical binding site, 
post translational modification motif, 
domain

is component of: protein complex
is encoded by: gene
has sequence: sequence

39

Query Result

Copyright Stanford University 2006 40
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Part 2

Part 4

Part 1

Part 4

Part 3

41

Part 5

Various meanings of Ontology

Philosophy: Ontology is the study of 
what entities and what types of entities 
exist in reality and the relationships 
that exist between themthat exist between them.

AI: An ontology is an explicit 
specification of concepts & relationships 
that can exist in a domain of discourse

IT: an ontology is a data model that 
represents a domain and is used to 
reason about the objects in that 
domain and the relations between them

42
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The common ground…

Ontology = A specification of entities (or 
concepts) relations instances and axioms inconcepts), relations, instances and axioms in 
an area of study.

43

ENTITIES
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Representing entities

1. Physical Reality A. The reality on the side of 
the patient

2. Psychological Reality = 
our knowledge and 
beliefs about 1.

3. Propositions, Theories, 

B. Cognitive 
representations of this 
reality on the part of 
clinicians 

C. Publicly accessible 
concreti ations of thesep , ,

Texts = formalizations 
of those ideas and 
beliefs

concretizations of these 
cognitive representations 
in textual, graphical and 
digital artifacts

45

Definitions

Entity = anything which exists, including things and 
processes, functions and qualities, beliefs and actions, 
documents and software (Levels 1 2 and 3)documents and software (Levels 1, 2 and 3)

Domain = a portion of reality that forms the subject‐matter 
of a single science or technology or mode of study;

Representation = an image, idea, map, picture, name or 
description ... of some entity or entities.

Representational Units = terms, icons, alphanumeric 
identifiers ... which refer, or are intended to refer, to 
entities; and do not have any proper parts which play this 
role

46
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A representation is not the same as the entity it 
represents

Brain of Mr. X

47

CT Scan of the 
Brain of Mr. X

Ontology

Ontologies do not represent concepts in people’s 
heads

48
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So, an Ontology …

• Ontology = a representational artifact whose 
representational units (drawn from a natural or formalized 

language) are intended to represent

• types [of entities] in reality

• those relations between these types which are true 
universally (= for all instances)

lung is_a anatomical structure

lobe of lung part_of lung

49

Results in …

A tension between computer scientists and 
philosophers.

Philosopher’s view: If the Ontology is built to 
represent reality then the exchange formats and 
data models based on it always remains valid 
allowing interoperability and … and …

Computer scientist’s view: KISS

50
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Results in the need to distinguish

Ontologies, terminologies, catalogs: represent 
what is general in reality = types [classes]

Databases, inventories: represent what is 
particular in reality = instances

51

Types Substance

Organism

Animal

“leaf node”

Animal

Mammal

Cat Frog

Amphibian

52

instances
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Classes (Types) &
Defined classes (Fiat types )

Class = a maximal collection of particulars 
determined by a general term (‘cell’ ‘oophorectomy’ ‘VAdetermined by a general term ( cell ,  oophorectomy   VA 
Hospital’, ‘breast cancer patients in VA Hospital’)

• the class A = the collection of all particulars x for 
which ‘x is A’ is true

Defined Class = A class defined by a general term 
which does not designate a type in reality

• e.g. pathways

53

types < defined classes < ‘concepts’

• Not all of those things which people like to 
call ‘concepts’ correspond to definedcall  concepts  correspond to defined 
classes

• “Surgical or other procedure not 
carried out because of patient's 

” i i SNOMEDdecision” is a concept in SNOMED …

54
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Ontologies that represent concepts tend to make 
mistakes

1. congenital absent 
nipple is_a nipple

concepts do not stand in

2. failure to 
introduce or to 
remove other tube 
or instrument is_a
disease

part_of
connectedness
causes
treats ...

3. bacteria causes
experimental 
model of disease

relations to each other

55

A Terminology is …

A representational artifact whose 
representational units are natural languagerepresentational units are natural language 
terms (with IDs, synonyms, comments, etc.) which are 
intended to represent defined classes.

Most Medical “Ontologies” are terminologiesMost Medical  Ontologies  are terminologies

56
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The International Classification of Diseases

724 Unspecified disorders of the back
724.0 Spinal stenosis, other than cervical
724.00 Spinal stenosis, unspecified region
724.01 Spinal stenosis, thoracic regionp , g
724.02 Spinal stenosis, lumbar region
724.09 Spinal stenosis, other
724.1 Pain in thoracic spine
724.2 Lumbago
724.3 Sciatica
724.4 Thoracic or lumbosacral neuritis
724.5 Backache, unspecified
724 6 Disorders of sacrum

57

724.6 Disorders of sacrum
724.7 Disorders of coccyx
724.70 Unspecified disorder of coccyx
724.71 Hypermobility of coccyx
724.71 Coccygodynia
724.8 Other symptoms referable to back
724.9 Other unspecified back disorders

ICD9 (1977):  A Handful of Codes for Traffic 
Accidents

58
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ICD10 (1999): 587 codes for such accidents

•V31.22 Occupant of three-wheeled motor vehicleV31.22 Occupant of three wheeled motor vehicle 
injured in collision with pedal cycle, person on outside 
of vehicle, nontraffic accident, while working for income
•W65.40 Drowning and submersion while in bath-tub, street 
and highway, while engaged in sports activity

•X35.44 Victim of volcanic eruption, street and highway, 
while resting, sleeping, eating or engaging in other vital 
activities

59

RELATIONSHIPS
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The “is_a” relation

• What does A is_a B mean?
(A d B t )• (A and B are types)

• For all x, if x instance_of A then x 
instance_of some B

• cell division is a biological process• cell division is_a biological process

61

ALL-SOME STRUCTURE

The “part_of” (vs. has_part) 
relation

Human being has_part 
testis?

A part_of B = all instances 
of A are instance‐level

human testis part_of 
human being ?

Human being has_part 
heart?

of A are instance level 
parts of some instance of 
B

human testis part of heart?

human heart part_of 
human being ?

p _ f
human being

62
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Two kinds of parthood

between instances:

Mary’s heart part_of Mary
this nucleus part_of this cell

between types

human heart part_of human
cell nucleus part_of cell

Copyright Stanford University 2006 63

The “part_of” relation

• What does A part_of B mean?

• For all x, if x instance_of A then there is some y, y 
instance_of B and x part_of y
• where ‘part_of’ is the instance‐level part relation

• cell nucleus part_of cell

64

ALL-SOME STRUCTURE
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A part_of B, B part_of C ...

The all‐some structure of the definitions 
allows cascading of inferencesallows cascading of inferences 

1. within ontologies

2. between ontologies

3. between ontologies and EHR repositories of 3. between ontologies and HR repositories of
instance‐data 

65

Logical properties matter …

Expectations of symmetry 
may hold only at the 
instance level

Properties of Relations
1. Transitivity
2 S tinstance level

if A interacts with B, it does 
not follow that B interacts 
with A

if A is expressed 
simultaneously with B, it 
does not follow that B is

2. Symmetry
3. Reflexivity
4. Anti‐Symmetry
5. …

does not follow that B is 
expressed simultaneously 
with A

67
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Other Ontology‐like things

• Controlled vocabulary = A list of explicitly 
enumerated unambiguous terms; Controlled by a g ; y
central registration authority;

• Taxonomy = collection of controlled vocabulary 
terms organized into a hierarchy

• Thesaurus = Collection of controlled vocabulary 
terms organized into a specialized network 

68

Increasing “formality”…

Originally by Michael Uschold, with permission
69
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Application vs. Reference Ontologies

• A reference ontology is analogous to a scientific theory. 
• … consists of representations of biological reality which are 

correct according to our current understanding.

• An application ontology is a software artifact:
• …for, structuring data according to some hierarchy of classes, for 

the purpose of managing, integrating and manipulating that data.

• As far as possible, we should focus on developing 
[scientific] information models, data‐models, process‐[ ] , , p
models etc to be as close as possible to and refer to 
reference ontologies.

70

Languages [formalisms] for Ontologies

• There are numerous ways of declaring both reference and 
application ontologies

• Almost all ontology languages give you the ability [and 
syntax] for declaring entities and relationships

• The main differences are in the ability [and mechanism] of 
describing the attributes of the entities and the 
mathematical properties of the relationships.

htt // l /O t l E h ht l• http://xml.coverpages.org/OntologyExchange.html

• Another major difference is the level of tool support 
available for “writing” in that language.
• http://xml.com/2002/11/06/Ontology_Editor_Survey.html
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Alternatives?
Logical 
formalism

Reasoners Tools to 
“speak” the
language

Size of the 
user 
community

Status

OWL Description Logic Fact++
Pellet, Racer

Protégé, Swoop ~ in thousands W3C standard

OBOF DL-compatible for 
now

OBO-edit reasoner OBO-edit ~ in hundreds Bio* community 
standard

Frames 
(GFP) & 
OKBC

? ? Ocelot, Ontolingua, 
GKB-Editor

~ in hundreds AI community 
standard

KIF expression of 
arbitrary logical 
sentences

? ? ? AI community 
standard

Loom Not DL Loom “classifier” Loom Small ?Loom
XOL
SHOE
OML
RDF(S) Subsumed by OWL Subsumed by OWL Subsumed by OWL Subsumed by OWL Subsumed by OWL

DAML + 
OIL

Subsumed by OWL Subsumed by OWL Subsumed by OWL Subsumed by OWL Subsumed by OWL

What an Ontology is NOT

• An ontology is not the same as a knowledgebase
• Ontology (types) + Instances = KB

• An ontology is not the same as a database schema
• A database schema is designed to store the instances conforming 

to an ontology

• An ontology is not the same as an XSD
• An XSD tells you how to store the information that describes the 

instances
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